A shift in ocean climate during the late 1970s triggered a reorganization of community structure in the Gulf of Alaska ecosystem, as evidenced in changing catch composition on long-term (1953 to 1997) small-mesh trawl surveys. Forage species such as pandalid shrimp and capelin declined because of recruitment failure and predation, and populations have not yet recovered. Total trawl catch biomass declined >SO% and remained low through the 1980s. In contrast, recruitment of high trophiclevel groundfish improved during the 1980s, yielding a >250% increase in catch biomass during the 1990s. This trophic reorganization apparently had negative effects on piscivorous sea birds and marine mammals.
INTRODUCTION
The inshore ecosystem of the Gulf of Alaska (GOA) has undergone a shift from a n epibenthic community dominated largely by crustaceans to one now dominated by several species of fishes (Anderson et al. 1997) . These changes led to extreme disruption of local fishing economies and prompted concerns about how living resources in the GOA should be managed (Botsford et al. 1997 , Orensanz et al. 1998 ). Before we can properly manage oceanic ecosystems, however, we need to know how marine climate induces changes in community structure over short and long time periods. Biological responses to climate change should not be considered ecological disasters or harmful to the marine ecosystem in general (Steele 1991) . Adaptive management strategies that respond to ecosystem changes as they occur are needed for successful longterm management of fisheries (Botsford et al. 1997) .
Ocean climate in the Gulf of Alaska cycles between warm and cold regimes on a multi-decadal time scale (Francis et al. 1998 , McGowan et al. 1998 . Two cycles are apparent in this century, with phase reversals oc-curring in 1925 , 1947 and 1977 (Mantua et al. 1997 . During the last reversal from a cold (1947 to 1976) to a warm regime (1977 to the present), the Aleutian Low pressure system shifted south and intensified, leading to stronger westerly winds and warmer surface waters in the GOA. Biological consequences included a marked improvement in groundfish recruitment (Hollowed & Wooster 1992) and sharply increased Pacific salmon Oncorhynchus spp. catches in Alaska (Francis & Hare 1994) . In contrast, some forage fish populations collapsed (Anderson et al. 1997 , Bechtol 1997 to the detriment of piscivorous sea bird and marine mammal populations (Piatt & Anderson 1996 , Merrick et al. 1997 ). Mechanisms by which a shift in ocean climate induced these biological changes are unclear and the magnitude of the biological response is unknown (Francis et al. 1998 , MC-Gowan et al. 1998 ). Here we show extensive reorganization of the GOA marine ecosystem following the 1977 climate regime shift and propose some mechanisms to explain the observed changes.
METHODS AND MATERIALS
Small-mesh trawl surveys for shrimp were conducted by the National Marine Fisheries Service (NMFS) and the Alaska Department of Fish and Game (ADF&G) from 1953 to 1997. Sampling areas were designated by early exploratory surveys that had the purpose of locating commercial quantities of shrimp. Over 90 % of survey tows were conducted in May to October. Early surveys had shown that shrimp concentrate in relatively deeper locations in the inshore bays and gullies of the GOA (Ronholt 1963) . Consequently, most survey tows were restricted to depths greater than 55 m. After 1971, survey strata were designed for all known major shrimp concentrations in the central and western GOA. Random tow sampling locations within each stratum were selected for each survey from 1972 to the present. Prior to 1972, trawls were conducted with a variety of small-mesh gear having different catch efficiencies. These data are used here to compare relative (%) catch composition from 1953 to 1997. From 1972 onward, ADF&G and NMFS standardized methods and used 'high-opening' trawis with 32 mm stretchedmesh throughout (Anderson 1991). Catch per unit effort (CPUE) was calculated as kg caught per km trawled. Between 1953 and 1997,8996 trawls covering 17 406 km were conducted ( Fig. 1) . Annual effort averaged 259 trawls yr-' (range: 22 to 775). To examine trends in mean catch biomass we used only trawls (n = 6812) conducted after 197 1. Overall, mean and median CPUEs were similar (r = 0.94), and we used mean catch data for all calculations and to illustrate biomass trends in all species except Pacific cod, where a few high catches confounded the apparent trend. To illustrate cod trends with a comparable scale, we used an index of CPUE derived from median values by regression.
Catches were compared to 4 available climate indices for the GOA study area: the North Pacific Pressure Index (NPPI, an index of air pressure at sea level), sea surface temperatures (SST), GOA air temperatures, and GOA bottom water temperatures. The NPPI index was obtained from S. Hare, Univ. of Washington, Seattle, USA, and is the same as that reported in Mantua et al. (1997) . Anomalies from November to March were normalized, and positive values of the NPPI correspond to years with a deepened Aleutian Low (Mantua et al. 1997) . The NPPI provides an index of large-scale and low-frequency climate signals that are widespread and detectable in the North Pacific at interdecadal time scales. Changes in atmospheric pressure patterns in the North Pacific can create persistent blocking ridges that lead to decadal or longer shifts in pressure patterns and storm tracks (Wilson & Overland 1986 ). An index of sea level pressure and its concomitant effect on horizontal and vertical mixing through wind stress is probably important in understanding recruitment variability of near-shore species with critical larval phases. Models of phytoplankton and zooplankton dynamics are sensitive to upper ocean mixed layer depths and temperatures (Polovina et al. 1995) .
Coastal SST time series for British Columbia were obtained from the Institute of Ocean Sciences in Sidney, British Columbia, Canada. No other comparable SST data sets are available for the northern GOA. Normalized anomalies were calculated from a composite of 7 widespread coastal observing stations: Amphitrite Point, Race Rocks, Langara Island, Kains Island, McInnes Island, Entrance Island, and Pine Island. We used this index of near-shore SST in an attempt to integrate the wide variation that is typically seen in an area that has diverse topography like the GOA. This is similar to the index used by Mantua et al. (1997) obtained from the Institute of Marine Sci- Fig. 1 . Distribution of small-mesh trawl surveys (n = 8996) in the ~u l f of ence, Univ. of Alaska, FairbankS. These Alaska between 1953 and data span only 1971 to 1997, and normal-ized anomalies in Fig. 2 were calculated from data collected from May 15 to September 15 (fall/winter data were too infrequent to use for multi-year trends). This index reflects the deepest extent of the distribution of sampling undertaken in this study; only 66 tows were conducted in water deeper than 250 m. This index is also useful for contrasting with SST data, which may or may not reflect heat content of the entire water column.
For illustrative purposes, annual CPUE, percent composition, and climate anomaly data were smoothed using 3 yr running averages. All statistics were calculated from unsnioothed data.
RESULTS
For the period of record (1953 to 1997), trawl catch biomass was dominated by 3 taxonomic groups ( Fig. 2) : shrimp (36%), cod and pollock (33%) and flatfish (15 %). Although 435 individual taxa were identified, 10 taxa comprised 90% of the total biomass (in order of abundance): northern shrimp Pandalus borealis, walleye pollock Theragra chalcogramma, flathead sole Hippoglossoides elassodon, Pacific cod Gadus macrocephalus, humpy shrimp P. goniurus, jellyfish Scyphozoa, arrowtooth flounder Atheresthes stomias, sidestripe shrimp Pandalopsis dispar, yellowfin sole Pleuronectes asper and capelin Mallotus villosus. When the Aleutian Low was weak (negative NPPI), and coastal water temperatures were anomalously low, shrimp dominated in catches (Fig. 2) . During periods with a strong Aleutian Low and warm coastal waters, the system was dominated by gadids and flatfish. The proportion of shrimp in catches was negatively correlated (r = -0.47, p = 0.003) with coastal SSTs. From 1971 to 1997, the proportion of shrimp in catches (r = -0.72, p < 0.0001) and absolute catches (CPUE, r = -0.71, p < 0.0001) were strongly correlated with bottom (250 m) water temperatures, which explained 51 % (p = 0.001) of the variation in shrimp CPUE. The proportion in catch of cod and pollock (r = 0.55, p = 0.003) and flatfish (r = 0.68, p < 0.0001) were positively correlated with bottom temperatures, but absolute catches were not.
As indicated by abrupt changes in NPPI, air temperature and SST anomalies (Fig. 2) , average climate in the GOA shifted from cool to warm around 1977 (Mantua et al. 1997 ). Standardized trawl data collected from 1972 to 1997 reveal the ecological impact of this climate regime shift (Fig. 3 ). We note a few obvious patterns. Whereas most of the increasing taxa are benthic or demersal in the adult stage (cod, pollock, flatfish, starfish), some are pelagic (jellyfish, cephalopods); and while most decreasing taxa are generally pelagic as adults, some are benthic (crabs). Most of the 'variable' taxa that exhibited little or no trend had 1 trait in common: they were all scarce.
Average total catch biomass declined by 55 % from 348 kg km-' in 1972 to 1981 to 159 kg km-' in 1982 to 1990 ( Fig. 4) , due mostly to a marked reduction in catches of forage species. Average catches then increased by 265% to 422 kg km-' during 1991 to 1997 due to a n explosive increase in groundfish abundance. Overall, the abundance of predatory groundfish and forage species (includmg juvenile pollock <20 cm) were negatively correlated (r = -0.47) and groundfish explained 23% (p = 0.014) of the variance in catch of forage species. . , 1997). The strength of association between shrimp catches and water temperature supports the hypothesis that the GOA ecosystem is regulated to a large degree by 'bottom-up' processes (Francis et al. 1998 , McGowan et al. 1998 .
Although there were historically large fisheries for pandalid shrimp in many areas (Orensanz et al. 1998) , they also declined in areas that were seldom if ever fished (Anderson & Gaffney 1977) and populations continued to decline even after fisheries were eliminated. Capelin have never been targeted by commercial fisheries in the GOA. Simultaneous declines were also noted in ecologically disparate taxa such as crabs, sculpins, herring, pricklebacks, eelpouts, snailfish, greenling, sablefish and Atka mackerel. Commercial fisheries may partially explain interannual fluctuations in abundance of some species (Orensanz et al. 1998 ), but the geographic and temporal coherence of the collapse of so many taxa argues for a large-scale common cause such as climate change-a conclusion also reached by Orensanz et al. (1998) .
In contrast, the lag and relatively smooth increase in groundfish biomass are probably due to their biological characteristics: long life, delayed maturity, and intermittent strong recruitment. Under a long period of apparently favorable conditions, the bulk of total catch biomass accumulated in these species. The impact of commercial fishing on these trends is unclear. Pollock stocks were fished from 1972 to 1997 at a steady rate of 10 to 20% (Hollowed et al. in press) and so fishing may have had some effect on total abundance but probably little effect on trend. Similar patterns of increasing biomass and recruitment have been observed in flatfish species that were heavily fished (yellowfin sole, halibut) and those seldom fished (arrowtooth flounder). Increases were also noted in ecologically disparate taxa, including starfish, jellyfish, eelpout and cephalopods. Again, the coherence in population trends of these taxa, fished or not, argue for a common cause such as climate change.
The mechanism by which the physical regime shift may have caused such a broad ecological regime shift is unknown (Francis et al. 1998 , McGowan et al. 1998 ). For Pacific salmon, a working hypothesis is that increased wind forcing in the GOA promoted an increase in phyto-and zooplankton production which in turn enhanced salmon recruitment after 1977 (Brodeur & Ware 1992 , Francis & Hare 1994 , Mantua et al. 1997 ). However, t'his hypothesis does not explain why numerous other taxa declined. The 'match-n~ismatch' hypothesis, which suggests that recruitment depends strongly on a temporal match in timing of larval emergence and availability of zooplankton prey (Cushing 1995), may better explain differences in population trends among taxa. The chronology in peak development of Neocalanus copepod biomass in the Alaska Gyre changed markedly over the past 40 yr (Mackas et al. 1998 ). Seasonal biomass peaks were 1 to 2 mo later during the cold regime than the warm regime. Surface (0 to 150 m) water temperatures explained >50% of the variance in chronology. In warm years the peak biomass period was characteristically earlier, of shorter duration, and resulted in higher biomass concentrations (Mackas et al. 1998) . Variability in the timing of zooplankton production could have a profound effect on recruitment of fish and decapods in the GOA. The majority of shrimp and crabs in the GOA release larvae in spring or early summer (Orensanz et al. 1998) . Two of the strongest year classes of shrimp ever recorded were the 1971 and 1975 year classes (Anderson 1991), corresponding to the latest years of peak zooplankton biomass development in the Alaska Gyre (Mackas et al. 1998 ). Similarly, red king, brown king, and Tanner crabs Chionoecetes bairdi all exhibited recruitment peaks in the early 1970s (Orensanz 1998) . Capelin are late spring and early summer spawners, and their larvae are among the last to enter the water column in the GOA (NMFS unpubl. data) . We therefore expect that capelin would be negatively affected by a shift towards earlier zooplankton biomass peaks.
In contrast, the shift towards earlier zooplankton availability might favor early-spawning fishes such as pollock and several flatfish species. Pollock spawn in February to March and larvae reach peak abundance in late April to early May in the northwestern GOA. Survival is thought to be strongly dependent on food availability at that time (Bailey et al. 1995) . There were far more strong recruitment years between 1977 and 1997 than between 1964 and 1976 (Hollowed & Wooster 1992) . Pacific halibut Hippoglossus stenolepis spawn from November to March near the continental shelf-edge, and larvae reside in surface waters for about 6 mo before settling to the bottom. Recent models (Clark et al. 1999 ) suggest that halibut recruitment increased sharply in the early 1980s, reaching a plateau through the 1990s that was nearly double that observed during the cooler period from 1947 to 1977. A corollary hypothesis is that predation amplified declines of forage species. Cod, pollock, arrowtooth flounder, and halibut all prey on shrimp, capelin and other forage species (Albers & Anderson 1985 , Livingston 1993 , and may have accelerated their decline. It is noteworthy that in several bays in the GOA, shrimp and capelin populations collapsed rapidly as groundfish increased inshore (Albers & Anderson 1985 , Anderson et al. 1997 . The negative correlation observed here between predator and prey taxa and diet trends of groundfish reported elsewhere support the hypothesis that the GOA ecosystem is also regulated to some degree by 'top-down' processes (Francis et al. 1998 , McGowan et al. 1998 .
Decadal fluctuations in biomass and composition of fish con~munities apparently had a direct impact on sea birds and manne mammals that subsist on forage species and juvenile age groups of groundfish (Francis et al. 1998) . During the cold regime prior to 1977, seabirds and marine mammals relied on fatty forage species such as capelin. As forage biomass declined in the early 1980s, fatty forage species disappeared from bird and mammal diets and were replaced largely by juvenile pollock (Piatt & Anderson 1996 , Merrick et al. 1997 . Declines in production and abundance of several sea bird and marine mammal populations in the GOA followed (Piatt & Anderson 1996) . Because juvenile pollock have low energy densities compared to fatty forage species such as capelin (Van Pelt et al. shrimp assessment trawls, and that the diets of 1997), some predator declines may be attributable to seabirds and marine mammals will reflect the changes in diet composition. Perhaps more irnpor-increased availability of forage species over the next tantly, the total biomass of all forage taxa, including few years. Similarly, we would predict imminent (but juvenile pollock, may now be limiting, owing to the slower) declining trends in catches of groundfish and enormous food demands of adult groundfish-which salmon in the Gulf of Alaska. now outweigh those of sea birds and marine mammals (and human fisheries) by 1 to 2 orders of magnitude (Livingston 1993 , Yang 1993 .
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